In alkene metathesis, while group 6 (Mo or W) high-oxidation state alkylidenes are accepted to be key reaction intermediates for both homogeneous and heterogeneous catalysts, it has been proposed that low valent species in their +4 oxidation state can serve as pre-catalysts. However, the activation mechanism for these latter species -generating alkylidenes -is still an open question. Here, we report the syntheses of tungsten (IV)-oxo bisalkoxide molecular complexes stabilized by pyridine ligands, WO(OR) 2 py 3 (R = CMe(CF 3 ) 2 (2a), R = Si(OtBu) 3 (2b) and R = C(CF 3 ) 3 (2c); py = pyridine) and show that upon activation with B(C 6 F 5 ) 3 , they display comparable alkene metathesis activities as W(VI)-oxo alkylidenes. The initiation mechanism is examined by kinetic, isotope labeling and computational studies. Experimental evidence reveals that the presence of an allylic CH group in the alkene reactant is crucial for initiating alkene metathesis. Deuterium-labeling of the allylic C-H group shows a primary kinetic isotope effect on the rate of initiation. DFT calculations support the formation of an allyl hydride intermediate via activation of the allylic C-H bond and show that formation of the metallacyclobutane from the allyl "hydride" involves a proton transfer facilitated by the coordination of a Lewis acid (B(C 6 F 5 ) 3 ) and assisted by a Lewis base (pyridine). This proton transfer step is rate determining and yields the metathesis active species.
INTRODUCTION
Alkene metathesis is increasingly impacting different fields of chemistry, ranging from petrochemical to pharmaceutical industries. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Today, the largest industrial alkene metathesis process is based on WO 3 /SiO 2 , a heterogeneous catalyst, which only operates at high temperatures (> 400 °C).
14 Pretreating this catalyst under reducing conditions (e.g. alkene, H 2 etc.) allows the process to be operated at lower temperatures, thus indicating that the high temperature conditions are mostly needed for generating the active sites. [15] [16] [17] [18] [19] Similar pretreatment effect has also been reported for supported Mo based catalysts. [20] [21] [22] Recently, our group has reported a low temperature activation method based on organosilicon reductants, which allow MO 3 /SiO 2 (M = Mo or W) and the related well-defined silica-supported metal-oxo species to catalyze alkene metathesis at 70 °C. We have proposed that M(IV) species bearing an oxo ligand, which are formed upon reduction, can transform into alkylidene species in the presence of alkenes. [23] [24] Previous works in homogeneous catalysis have shown that Mo(IV)(NAr)(X)(Y)(alkene) and dimeric {W(NAr')[OCMe 2 (CF 3 )] 2 } 2 complexes (Scheme 1), which can be formed from the alkylidenes during metathesis, can also reinitiate metathesis, albeit with a very low efficiency. [25] [26] In fact, the numbers of active species generated under these conditions have been reported to be very small (< 3%).
Scheme 1. Transformation of M(IV) pre-catalysts to active M(VI) alkene metathesis catalysts
Thus, understanding how alkylidenes can be regenerated insitu from M(IV) molecular species would be valuable as it could help to design methods for reactivation and ways to improve overall catalysts performance. 8 In view of the reported metathesis activities of reduced group 6 metal sites in homogeneous systems and the high activities of the putative W(IV)-oxo sites in supported systems, we reason that molecular W(IV) complexes bearing oxo and alkoxide ligands would be an ideal system to probe the initiation step and a source of potentially efficient catalyst precursors.
There are only few W(IV)-oxo complexes known: i) WOCl 2 (PX 3 ) 3 (PX 3 = P(OMe) 3 , PMe 2 Ph, PMePh 2 ) [27] [28] , which can react with strained cyclopropenes to form metathesis active vinylalkylidenes and ii) WO(OR) 2 (alkene) (OR = 2,6-dimesitylphenoxide or 2,6 -diadamantyl-4-methylphenoxide), which can be formed upon decomposition of the corresponding alkylidenes, but which has not been reported to engage in alkene metathesis. 29 Here, we report the preparation of monomeric d 2 W(IV)-oxo complexes bearing electron-withdrawing alkoxide and stabilizing pyridine ligands; they show high activities in metathesis upon activation with B(C 6 F 5 ) 3 . We show by using a combined experimental and computational approach that the activation mechanism for initiating alkene metathesis and formation of alkylidene involves two key steps: i) the C-H bond activation of an allylic C-H group that must be present in the alkene reactant, and ii) a proton transfer process facilitated by pyridine and B(C 6 F 5 ) 3 .
RESULTS AND DISCUSSION
W(VI)-oxo complexes WOCl 2 (OR) 2 L (1a: R = CMe(CF 3 ) 2 = tBuF 6 and L = pyridine = py, 1b: R = Si(OtBu) 3 and L = Et 2 O) were synthesized by salt metathesis of WOCl 4 and 2 equiv of LiOR in diethyl ether (Scheme 2). The pure products were obtained as colorless crystals in ca. 70% yield upon recrystallization in pentane at -40 °C. The alkoxide groups are trans to each other according to NMR spectroscopies and single crystal X-ray diffraction studies (see SI). Scheme 2. Synthetic routes for complexes 1a-1b, 2a-2c and X-ray crystal structure of 2b a a Thermal ellipsoids plot at 50% probability; hydrogen atoms omitted.
The subsequent reduction of these compounds with KC 8 at -90 °C in the presence of pyridine yields their W(IV) analogues WO(OR) 2 py 3 (2a and 2b), which can be obtained as dark blue crystals after recrystallization in pentane at -40 °C. Attempts of using the same synthetic route to synthesize WO(OC(CF 3 ) 3 ) 2 py 3 (2c) resulted in a mixture of products. However, pure 2c could be obtained as pure dark purple solid from protonolysis of 2b with perfluoro-tert-butanol (Scheme 2), similar to the reaction of pyrrole complexes with various alcohols. 30 We have so far not been able to prepare the corresponding OtBu or OC(CH 3 ) 2 (CF 3 ) complex by the approaches described above. The three six-coordinated octahedral WO(OR) 2 py 3 complexes described above are diamagnetic and share the same geometry with one of the OR groups on the equatorial plane and the other one at the axial position trans to the oxo ligand (see SI, Figure S2- Similar activities are observed for the hexafluoro-tertbutoxide (2a) and siloxide complexes (2b), but the perfluorotert-butoxide complex (2c) shows a significantly higher activity (time to equilibrium < 30 min). These activities are comparable to those reported for the corresponding pre-formed molecular W-oxo alkylidene complexes. [32] [33] [34] [35] [36] With the terminal alkene 1-nonene, the initial activity is similar to that of internal cis-4-nonene, but a significantly higher catalyst loading (1 mol% catalyst) is required to reach 83 % conversion. Increasing the amount of B(C 6 F 5 ) 3 (4 equiv/[W]) further increases the catalytic activity of complex 2a and reduces the time to reach equilibrium conversion from 12 h to 3 h, while this approach has little to no effect on 2c.
Encouraged by the promising catalytic results, we further studied the activation mechanism involved in transforming these W(IV)-oxo species into W(VI)-oxo alkylidenes. Several activation mechanisms have been proposed for the formation of active M(VI) (M = Mo or W) alkylidenes from M(IV) precatalysts (Scheme 3). 26, 37 The first possibility involves the formation of a metallacyclopentane, which can subsequently undergo ring contraction via β-H transfer followed by an insertion to yield a metallacylcobutane that can participate in metathesis. [38] [39] Alternatively, the second and third pathways require a vinyl and an allylic C-H activation, respectively. The fourth pathway involves a dimeric species, which has been proposed to undergo [2+2] cycloaddition with reactive olefins (norbonene or diallylether). 25 Since one of the mechanisms should be specific to alkene containing the allylic CH group, we first set to investigate the reactivity of complex 2a towards alkenes with or without allylic CH groups.
Scheme 3. Proposed oxidative initiation mechanisms
Reaction of 2a in C 6 D 6 with ethylene leads to an immediate color change from dark blue to yellow at room temperature. By in-situ 1 H-NMR, free pyridine and new proton signals at δ 3.04 and 2.84 ppm are observed. In the 13 C-NMR spectrum, a characteristic singlet peak is observed at δ 65.3 ppm (J WC = 22.9 Hz) indicating the formation of ethylene π complex, 3a-C 2 H 4 (Scheme 4). 26 , 40 3a-C 2 H 4 can be isolated by recrystallization in toluene at -40 °C and its structure is confirmed by single crystal X-ray diffraction studies. The C1=C2 bond distance of the coordinated ethylene molecule is 1.41 Å, indicating a significant back donation from the metal center to the π* orbital of ethylene. 41 In the presence of 3 equiv of B(C 6 F 5 ) 3 , the reaction of 2a and 13 C-dilabeled ethylene yields the py-B(C 6 F 5 ) 3 adduct, 3a-C 2 H 4 along with a small amount of the metallacyclopentane 4a (Scheme 4) at room temperature. Heating the reaction mixture to 50 °C leads to complete conversion of 3a-C 2 H 4 , removal of most of the coordinated pyridine from W centers to give py-B(C 6 F 5 ) 3 (ca. 3 equiv/[W]) and increases the amount of 4a. The complex 4a gives rise to two broad peaks at ca. δ 3.0 ppm and 2.8 ppm in the 1 H-NMR spectrum. These signals correlate with the carbon resonances at δ 74.8 (α-C) and 36.4 ppm (β-C), respectively, in the 13 C-NMR spectrum according to 1 H-13 C HSQC experiment (Figure S10-S12). These resonances are similar to those reported for other metallacyclopentane complexes of Mo and W. 26, 29, [40] [41] [42] [43] No peak associated with the metallacyclobutane or alkylidene is observed in 1 H and 13 C NMR, even upon further heating at 70 °C. While a small amount of 1-butene is observed, likely resulting from the decomposition of 4a after prolonged heating ( Figure S10 ), this process seems to be relatively slow. The rearrangement of metallacyclopentane to 1-butene has also been reported in several high valent metallacyclopentane complexes. 26, 40, 42, 44 The complex 4a slowly decomposes under high vacuum (10 -5 mbar) or in the absence of ethylene making its isolation unsuccessful so far. The absence of metallacyclobutane may also suggest that 4a does not undergo ring contraction readily (Scheme 3; first pathway). Reaction of 2a with propylene leads to the formation of the propylene π complex 3a-C 3 H 6 at room temperature. Its structure is confirmed by X-ray diffraction (Scheme 5). The major isomer of 3a-C 3 H 6 shows carbon resonances at δ 24.4 (-CH 3 ), 66.0 (=CH 2 ) and 72.4 (=CH-) ppm. In the presence of 3 equiv of B(C 6 F 5 ) 3 , the py-B(C 6 F 5 ) 3 adduct and 3a-C 3 H 6 are formed together with ethylene and 2-butene as shown by in-situ 1 H-NMR studies ( Figure S13 ). This result indicates that selfmetathesis of propylene (ca. 6 equiv/[W]) occurs readily and reaches equilibrium in less than 15 min at room temperature. Scheme 5. Reaction of 2a with propylene in the presence of B(C 6 F 5 ) 3 and X-ray crystal structure of 3a-C 3 H 6 a a Thermal ellipsoids plot at 50% probability; hydrogen atoms omitted.
Notably, the reaction of 2a with styrene in the presence of 3 equiv of B(C 6 F 5 ) 3 does not lead to the formation of selfmetathesis products, even upon heating at 70 °C for 13 h, as shown by in-situ 1 H-NMR and GC-MS. In contrast, reaction of 2a, B(C 6 F 5 ) 3 and β-methylstyrene results in the formation of 2-butene and stilbene under the same conditions. The complex 2a also reacts with allylbenzene in the presence of B(C 6 F 5 ) 3 to form ethylene and 1,4-diphenyl-2-butene PhCH 2 (CH=CH)CH 2 Ph, in less than 45 min at room temperature (Scheme 6).
All these results suggest that the presence of an allylic C-H group is probably crucial for the conversion of the W(IV)-oxo pre-catalyst into the active species. In order to gain more insights into the initiation mechanism, we decided to conduct a detailed investigation of the reaction between 2a and trans-β-methylstyrene, in particular by monitoring the organic products formed during the activation period. These results support that styrene is an initiation product formed during the formation of the active alkylidene species. In addition, a small amount of propylene is observed in the gas phase by GC-FID implying the formation of a W-methylidene and its subsequent reaction with trans-β-methylstyrene or 2-butene. The observation of styrene as an initiation product points to the allyl hydride mechanism as the initiation step for alkylidene formation (Scheme 3). No other heavier organic product is observed suggesting that other initiation mechanisms are unlikely (Scheme S1). The observation of only a substoichiometric amount of styrene (0.05 equiv/[W]) suggests that only small amounts of active species are formed upon activation. In order to understand better how styrene is formed during the reaction and whether or not C-H activation is indeed an important elementary step in the initiation process, the reactivity of trans-β-(methyl-d 3 )styrene with 2a was also investigated. According to in-situ 2 H-NMR studies (Figure 2 ), β-deuteriostyrene is observed upon reaction of trans-β-(methyld 3 )styrene and 2a in the presence of 3 equiv of B(C 6 F 5 ) 3 . This observation further supports the proposed allyl hydride initiation mechanism (eq. 1). The initial rates of formation of initiation products with trans-β-(methyl-d 3 )styrene and trans-β-methylstyrene show a k H /k D of 3.6 ( Figure 2 ; see SI for details), a primary kinetic isotopic effect (KIE), which suggests the involvement of the allylic hydrogen atom in the ratedetermining step. 45 Notably, the amount of styrene formed (0.01 equiv/[W]) upon using trans-β-(methyl-d 3 )styrene is much lower than upon using trans-β-methylstyrene. The smaller amount of detected deuterated initiation product could be due to the slower rate of initiation for the deuterated alkene while decomposition could occur at similar rates for both deuterated and non-deuterated alkene during initiation. Such decomposition is likely one of the reasons for having intrinsically small amounts of active species. Even though the number of active species formed by using trans-β-(methyl-d 3 )styrene is lower, the conversion of self-metathesis is slightly higher than that of trans-β-methylstyrene ( Figure S19 ). This may be due to the advantageous isotope effect that can reduce deactivation via β-H elimination of the metathesis active metallacyclobutane intermediates. 40, [46] [47] [48] Similarly, the reaction of 2a with allylbenzene (6 equiv/[W]) in the presence of B(C 6 F 5 ) 3 (3 equiv/[W]) also yields styrene which further supports the same allyl hydride intermediate. Meanwhile, isomerization of allylbenzene into the thermodynamically more stable trans-β-methylstyrene is also observed during this reaction. The observed double bond isomerization is known to possibly involve a π-allyl metal hydride intermediate. 49 Monitoring the reaction by in-situ 1 H-NMR indicates that the isomerization process occurs prior to metathesis ( Figure S22 ). This result suggests that the formation of a metallacyclobutane from an allyl hydride is slower than the isomerization process. To further probe the allylic C-H activation mechanism, DFT calculations were performed using 2a and trans-β-methylstyrene in light of the kinetic findings mentioned above. The calculations show that formation of the pyridine free π complex (IM-1) is thermodynamically favorable in the presence of B(C 6 F 5 ) 3 ( Figure S42 ). The free energy barrier required for activating the allylic C-H bond (TS-1) to form W(VI) η 1 -allyl hydride intermediate (IM-2) from the π complex (IM-1) is 22.7 kcal/mol (Figure 3 ). IM-2 further converts into its isomer IM-3 (ΔG = -8.4 kcal/mol). However, transferring the hydrogen atom to the β-carbon on the allyl group to form a metallacyclobutane requires a very high free energy barrier (TS-3A: ΔG ‡ = 36.0 kcal/mol with an overall barrier of ΔG ‡ = 47.1 kcal/mol), making this direct process unlikely. Since H-transfer is the most energy demanding step, we also consider additional factors that might play a role in facilitating this process. However, coordination of B(C 6 F 5 ) 3 to the oxo ligand or B(C 6 F 5 ) 3 assisted H-transfer are both high in energies ( Figure S43 ). In particular, the free energy required for abstracting the H by B(C 6 F 5 ) 3 Figure S44 ), the energy barrier is significantly lowered (TS-3B: ΔG ‡ = 11.2 kcal/mol) upon coordination of B(C 6 F 5 ) 3 onto the oxo ligand ( Figure 3 ). This is likely facilitated by the decrease in electron density at the W center, and hence increasing the acidity of the "hydride" ligand. Furthermore, coordination of B(C 6 F 5 ) 3 can also stabilize the anionic W center formed after H abstraction (IM-4B lies 18.0 kcal/mol above the reference state IM-1). While protonation of the β-carbon by PyH + (TS-4B) is the highest in energy for this pathway (overall energy barrier of ΔG ‡ = 30.7 kcal/mol), it lies significantly lower (ΔΔG ‡ = -16.4 kcal/mol) than TS-3A that corresponds to the non-assisted formation of metallacyclobutane. Note that the entropy and resulting free energy of activation for TS-4B is likely overestimated since it involves the dissociation and reaction of py-B(C 6 F 5 ) 3 in solution (for detailed discussion see SI), 50 making this proton transfer step accessible. In fact, this step is similar to the recently reported reverse elementary step involved in the decomposition pathway of ruthenium metallacyclobutane induced by base. 51 Such proton transfer reactions (protonation or deprotonation) on the β-carbon are consistent with its formally positively charged nature as recently evidenced by detailed solid-state NMR analysis of trigonal bipyramidal metallacyclobutane intermediates. 31 In addition, the calculated KIE on this rate-determining proton transfer step (TS-4B) ((k H /k D ) DFT = 3.7) matches well with the experimentally observed KIE ((k H /k D ) = 3.6). The thus-formed metallacyclobutane (IM-6B) can then undergo cycloreversion to give alkylidenes. The overall initiation process is endergonic by 10.8 and 13.6 kcal/mol with respect to the π complex IM-1 ( Figure S47 ) which explains the observation of only a small amount of initiation product and the difficulty to detect the propagatingalkylidenes and metallacyclobutanes -species by NMR. The small amounts of alkylidenes formed will participate in the catalytic conversion of β-methylstyrene into stilbene and 2-butene.
All the data above point to an initiation mechanism involving an allylic C-H activation by the W(IV) pre-catalyst. The thus-formed allyl hydride intermediate generates the required metallacyclobutane for metathesis by a proton transfer which is assisted by both pyridine and B(C 6 F 5 ) 3 . From this metallacyclobutane, cycloreversion yields a putative W(VI) alkylidene, which is active in metathesis, along with the olefinic initiation product. Both the observed primary KIE and the calculated highest energy transition state indicate that proton transfer is the rate-determining step in the activation process yielding metallacyclobutanes and alkylidenes (Scheme 7). Scheme 7. Proposed initiation mechanism a a W = W containing organometallic fragment
CONCLUSION
We have reported the first example of well-defined monomeric d 2 W(IV)-oxo bisalkoxide complexes that can initiate alkene metathesis and show comparable catalytic activities to W(VI)-oxo alkylidene complexes. Detailed studies of the initiation step including deuterium-labeling have shown that allylic C-H activation is involved during the activation of these W(IV) pre-catalysts. DFT computational studies reveal that both pyridine and B(C 6 F 5 ) 3 are important for the formation of the metallacyclobutane, the initiation product and the metathesis activity. Our studies suggest that formation of the metallacyclobutane is the rate-determining initiation step, which involves a pyridine-assisted proton transfer to the β-carbon position of the allyl ligand and is consistent with the observed KIE. Based on the quantities of initiation products detected, the amounts of active intermediates (metallacyclobutane or alkylidene) formed are small, making direct spectroscopic observation of such intermediates a challenge. The small amounts of active intermediates are likely due to: i) the thermodynamically unfavorable initiation process and ii) competing decomposition of reactive intermediates during the initiation process. Nevertheless, the present work demonstrates the importance of assisted proton transfer pathways in generating alkylidene species and shows how a Lewis acid and Lewis base cooperate to generate the active species. 52 One may thus wonder if a similar pathway could also take place in the classical heterogeneous catalysts, where basic surface O atoms in combination with Lewis acids and strained surface sites could play a similar role. We are currently investigating this possibility.
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